A systematic crystallization kinetic study of two smectogens of homologous series of the inter molecular hydrogen bonded between undecyl, dodecyl benzoic acids and hexadecylaniline complexes viz., 16A+11BA and 16A+12BA respectively has been carried out by thermal microscopy, differential scanning calorimetry (DSC) and dielectric studies. FTIR studies indicate the formation of hydrogen bond in these complexes. The crystallization kinetics was studied by two techniques viz., the traditional thermal analysis (DSC) and electrical studies in which capacitance and dielectric loss variation with temperature were recorded and analyzed. The DSC thermograms were run from crystallization temperature to the isotropic melt for different time intervals. The liquid crystalline behaviour together with the rate of crystallization of smectic ordering in newly synthesized inter hydrogen bonded complexes were discussed in relation to the kinetophase (which occurs prior to the crystallization). The molecular mechanism and dimensionality in the crystal growth were computed from the Avrami equation. The characteristic crystallization time (t*) at each crystallization temperature was deduced from the individual plots of log t and ∆H. Further, it was observed that the data obtained from DSC and dielectric studies were in good agreement with one another. For the first time in the history of crystallization studies, crystallization kinetics data is experimentally elicited from a novel dielectric technique.
Introduction
The smectic orderings exhibited by the liquid crystals can be broadly classified as orthogonal and tilted phases. The molecules in the orthogonal smectic phases are parallel to each other with their long axes perpendicular to the layer plane, resulting in free rotation of the molecules around the long molecular axis [1] . Consequently, in the case of tilted phase the significant difference is the tilt of the molecular long axes with respect to the layer normal, leading to the hindered rotation of the molecule along the long axis. Furthermore, the layer thickness in a tilted mesophase is smaller than the molecular length while in the case of orthogonal ordering they are approximately equal. This degree of variation in the layer thickness, coupled with the molecular rotation, has a significant influence on the rate of crystallization. In fact, the distribution of heat transformation in both orderings, which has a direct impact on the rate of crystallization, is rather complicated process which may be elucidated structurally by detailed X-ray investigation. Alternatively, the study and analysis of crystallization kinetics [2, 3] is a powerful tool to understand the various mechanisms involved in crystallization of liquid crystals. The inter molecular hydrogen bonded p-n-alkoxybenzoic acids (nABA) and hexadecylaniline liquid crystalline materials exhibits a fascinating mesomorphic behaviour associated with a distinct molecular ordering; the convenient working thermal range makes them suitable for systematic kinetic investigations. In continuation of our experimental studies [4] [5] [6] [7] [8] [9] [10] [11] on liquid crystals here we present a detailed analysis of two smectogens of the hexadecylaniline series namely 16A+11BA and 16A+12BA. * Electronic address: mln.madhu@gmail.com
Experimental
The crystallization kinetics of the present compounds, determined by the rate of growth of a particular transition, were performed on a Shimadzu DSC-60 differential scanning calorimeter and Agilent 4192A LF impedance analyzer. The thermograms at each crystallization temperature, together with simultaneous phase identification were obtained using an Instec Standalone Temperature Controller (STC 200) supplemented by Nikon polarizing microscope. The DSC measurements were performed on each member of compounds (3-7 mg sample) using aluminum and/or glass crucibles. A typical DSC scan for a given sample at each crystallization temperature is described as follows. The sample was heated to its isotropic melt with a scan rate of 10 o C min −1 ; after holding for 1 minute to attain thermal equilibrium, the sample was cooled at the same scan rate to its predetermined crystallization temperature. After holding for a requisite time interval at crystallization temperature, the endothermic peaks were recorded while the sample was cooled to the crystal state with a scan rate of 10 o C min −1 . This process was repeated for each individual member of the series at the appropriate preselected crystallization temperatures.
For the elucidation of the dielectric data, the sample under investigation was filled in a 4 micron spacer polyamide buffed cells (Instec Inc. USA) in its isotropic state under vacuum. Silver paste and wires were used to draw the electrodes from the cell. The cell was placed in a Instec hot and cold stage (HCS402) equipped with Instec Standalone Temperature Controller (STC 200). The temperature is monitor and controlled through a computer by a software program to an accuracy of ±0.01 o C. The sample was heated to its isotropic melt with a scan rate of 10 o C min −1 ; after holding for a period of 1 minute time to attain thermal equilibrium, the sample was cooled at the same scan rate to its predetermined crystallization temperature. After holding for a requisite time interval at crystallization temperature, the data of capacitance and dielectric loss was noted for each time interval. This process was repeated for each individual member of the series at the appropriate preselected crystallization temperatures.
Synthesis of intermolecular Hydrogen bonded complexes
The intermolecular Hydrogen bonded complexes are synthesized by the addition of one moles of undecyloxy benzoic acid/ dodecyl benzoic acid with one mole of 4-hexadecylaniline in N, N-Dimethyl formamide (DMF) respectively. Further they are subject to constant stirring for 12 hours at ambient temperature of 30 o C till a white precipitate in a dense solution is formed. The white crystalline crude complexes so obtained by removing excess DMF are then recrystallized. 
Phase diagram of the hydrogen bonded complexes
The phase diagram of the hydrogen bonded homologous series is illustrated as figure 2. It can be noticed that in the lower homologous series smectic F is pronounced while in the higher homologous series smectic G is pronounced. Thus it can be inferred that smectic F and G has been induced in the present series of hydrogen bonded complexes. 
Results and Discussions Infrared Spectroscopy (FTIR)
The IR spectra of p-n-alkoxybenzoic acid, 4-hexyl aniline and their intermolecular H-bonded complex were recorded in the solid state (KBr) at room temperature .The solid state spectra of free alkoxybenzoic acid is reported [12] to have two sharp bands at 1685 and 1695 cm −1 due to the frequency ν(C=O) mode. The doubling feature of this stretching mode confirms the dimeric nature of alkoxybenzoic acid at room temperature [12] . Further a strong intense band appearing at 2916cm −1 is assigned to ν(O-H) mode of the carboxylic acid group. The IR spectrum (KBr) of 4-hexadecylaniline shows characteristic bands for ν(C=O) The observed phase variants, transition temperatures and corresponding enthalpy values obtained by thermal microscopy, dielectric studies and DSC are presented in table 1. The compounds of the present inter hydrogen bonded series are found to exhibit characteristic textures [13] , viz., smooth mosaic texture in Smectic G as depicted in plate 1 and broken focalconic texture in smectic F phase The smectic F phase with monoclinic symmetry [1] , and long range tilt order, possessing a hexagonal molecular packing with in the smectic layers (normal to the long axis of the molecules), has a quasi 2-dimentional solid structure (i.e. poor correlation between layers).
The complex 16A+11BA exhibits di-variant phase sequence (Smectic F and Smectic G) while 16A+12BA complex exhibits mono variant phase namely smectic G. Further the phase transition temperatures observed by thermal microscopy are found to be in good agreement with those obtained from DSC and optical textural studies ( 
Selection of Thermal Range of Crystallization Temperatures
The procedure for the thermal selectivity for the crystallization temperatures (CT) is described for 16A+11BA and its DSC thermograms are illustrated in figure 4 . The compound 16A+11BA is taken as a representative member of the present work , it exhibits three distinct transition in the cooling run viz., isotropic to smectic F at 78.92 o C, smectic F to smectic G at 74.52 o C and smectic G to crystal at 46.28 o C with heat of transition 2.18 J/g, 5.41 J/g and 37.68 J/g, respectively. From this data it is inferred that the thermal span of mesomorphic phase as (T Iso−SmF, ) − (T SmG−Cry ) is 32.64 o C. Once the T Iso−SmF is completed the kinetics of crystallization from smectic G could be investigated over a temperature range between T SmG−Cry . Provided if the crystallization kinetics are not too fast.
Crystallization Kinetics through DSC
The crystallization kinetics of 16A+11BA relating to the phase transition from Smectic G to the melt is selectively performed at each predetermined crystallization temperatures viz 70 o C, 60 o C, 57 o C and 50 o C respectively. The sample is held at 70 o C for different time intervals (0.1 to 12 minutes). The heating curve with a crystallization time of t = 0 min is recorded immediately following the quenching of the crystal to melt, at crystallization temperature 70 o C.
The enthalpy values for individual transitions at different time intervals are calculated at each crystallization temperature, and the data plotted against the corresponding logarithm of time intervals for each member of the series. A plot of heats of melting of the mesomorphic phase, viz. the log of annealing time for different crystallization temperatures of 16A+12BA is depicted in figure 5 These plots have an identical shape, apart from the shift in the log t axis suggesting the limitations of the rate of crystallization kinetics [14, 15] . Furthermore, simultaneous measurement of the heats of melting of the smectic G endotherm with time shows, without ambiguity, that the affective beginning and end of the crystal formation process is uniform and unaltered. Such a master curve strongly suggests that the same mechanism operates for crystallization from the smectic G to crystal for both the complexes. As expected [14, 15] , the overall crystallization rate is controlled by a nucleation rate influencing the rate of growth of domains; this is a function of the degree of super cooling and the starting smectic mesophase. Similar experimental studies are carried out for measurement of crystallization kinetics of the other compound (16A+11BA) of this homologous series. For the calculation of Avrami exponent n and t* graphs are plotted (figure 6) between ln(t) and -ln(ln(1-x)) where t is the time of holding the heat for a given sample and x is the amount enthalpy value corresponding to t. The corresponding data of characteristic time t* along with the calculated crystal growth parameters for different crystallization temperatures are summarized in table 2, which includes the results relevant to the following sections. The characteristic time t* is experimentally calcu- 1-x) ) and ln(t) for various CT's of 16A+12BA complex lated using (2) Table 2 -Measured crystallization parameters for 63.2% transformation from the various smectic mesophases to the crystalline phase of the inter hydrogen bonded complexes experimentally obtained by thermal and electrical studies.
Characteristic time is denoted by t*
Crystallization Kinetics through Dielectric Studies
It was earlier proposed by us [10] that the crystallization kinetics can also be studied and analyzed at a selected frequency with the dielectric data. The crystallization kinetics relating to the phase transition from Smectic G to the melt of 16A+11BA is selectively performed at same predetermined crystallization temperatures viz., 70 o C, 60 o C, 57 o C and 50 o C respectively at an excitation frequency of 500 Hz. The sample is held at 57 o C for different time intervals (0.1 to 12 minutes). The dielectric data (capacitance and dielectric loss) at 500 Hz excitation frequency with a crystallization time of t = 0 to 10 min are recorded immediately following the quenching of the crystal to melt, at crystallization temperature 57 o C. The capacitance and dielectric loss values for individual transitions at different time intervals are noted at each crystallization temperature, and the corresponding data plotted against the logarithm of time intervals for other member of series. The Avrami exponent b are obtained for dielectric studies (ε' and ε") and DSC (∆H) as a function of crystallization temperatures for the complexes 16A+11BA and 16A+12BA are depicted in figure 7 . From the figure 7 it can be inferred that the growth mechanism follows a uniform trend for all the temperature studied in the present compounds. Further more, crystallization kinetics data obtained by this technique for 16A+12BA compound at 45 o C, 46 o C and 48 o C are identical to those data obtained by DSC studies suggesting the existence of the same mechanism in the rate of crystallization kinetics [6] . 
The Process of Crystallization
In, general, the kinetics of crystallization involving the rate of growth of small domains in a smectic phase is manifested equally by its temperature and time. Temperature dependence of nucleation, taking place as a homogenous process over a constant period of time leads to the phenomenon of sporadic growth. In addition, defects and impurities in the compound have a pronounce influence on the nucleation process [15] . Further contributions from solid state transformations, where growth occurs only at the surface of the nuclei, hampers the overall rate of phase transformation and the dimensional geometry of the growing domains.
It is well known that the crystallization process involving the fraction of the transformed volume x, at a time t measured since the beginning of the crystallization process, is described by Avrami equation [2, 3] 
where the constant b and n depend on the nucleation mechanism and the dimensionality geometry of the growing domains, respectively. The transformed volume x at a crystallization time t is given by ∆H/∆H o where ∆H is the crystal heat of melt measured at time t and ∆H o is the maximum value obtained from the plateau of the individual master curve (figure 5). Similar argument holds good for dielectric data ∆ε /∆ε o and ∆ε /ε o where ∆ε' and ∆ε" are the values of capacitance and dielectric loss at time t and ∆ε o , ∆ε o are the maximum value obtained from the plateau of the individual master curves. If the kinetics of the crystallization from the corresponding smectic phases are described by above Avrami equation, the data for all the crystallization temperatures can be applied to the single equation [2, 3] described above.
where t* = b-1/n It is found from the experimental data that the constant n which manifests the dimensional geometry of the growing domains is almost unaltered while the magnitude of the constant b, which governs the nucleation mechanism, varies for the compounds studied. Figures 8 and 9 depict the endotherm profiles of 16A+11BA at various holding times pertaining to different crystallization temperatures. The data of constants n and b experimentally obtained by DSC and dielectric studies (capacitance and dielectric loss) for various specified crystallization temperatures of 16A+11BA and 16A+12BA are tabulated in the table 2. The trend of the magnitude of the two constants n and b are found to be in agreement with the data reported for discotic [15] and smectic [7] mesophases. The variation of the magnitude of n in both the compounds is attributed to the sporadic nucleation and growth in two dimensions. The phase sequence in liquid crystal molecules has a pronounced influence on their crystallization kinetics. The kineto phase which occurs prior to the crystallization is solely responsible for many combinational factors of the crystallization mechanism. In the present study of 16A+11BA and 16A+12BA complexes the kineto phase prior to crystallization is Smectic G. Our previous studies [5, 6, 10, 11] on different nO.m compounds exhibiting various kineto phases concurred with data of the present investigations. Further in Smectic G, as expected, the rate of crystallization is rapid as it is close to crystalline phase. It is a known fact that crystallization kinetics will be fast for the crystallization temperatures (CT) near to crystal and slow when the CT is near the isotropic melt.
Influence of Alkoxy Carbons
Both the 16A+11BA and 16A+12BA complexes have Smectic G as kineto phase, in which the molecules are tilted with respect to the director. The mesogenic thermal span data suggest the liquid crystalline phase thermal range for 16A+11BA and 16A+12BA hydrogen bonded complexes is 32.6 o C and 40.8 o C respectively. Further the isotropic clearing point shifts to higher temperature with increase in carbon chain length, it is evident from table 2, that the degree of variation of dimensionality parameter n infers a unique crystallization mechanism for these complexes. A possible explanation for crystallization dimensionality is a sporadic nucleation and growth involving a homogenous process of continuous nucleation over a constant time [15] . Further more the volume transformation calculated at individual crystallization time t* is in accordance with equation (1) 2. In titled ordering (Smectic G) the formation of an ordered domain occurs which converts to a stable nucleus that initiates the aggregation of the surrounding molecules to form layered domains. The origin of this nucleus is critical since its formation proceeds until it reaches a sufficient size to initiate the crystallization process.
3. Further, we propose that this process of crystallization is controlled by either the lamellar or inter layer distances in tilted (Smectic G) kineto phase. In such a process of seed nucleation, factors relating to the smectic layer play an important role. A particular molecule in the lower smectic layer first acquires the requisite energy to allow the formation of ordered domains, which in turn propagate crystallization to the adjacent smectic layers. These ordered domains will further proceed through the smectic layers by a process of successive addition of the molecules from neighboring layers leading to sporadic nucleation and growth in two dimensions. This process continues until the crystallization is completed.
4. The nucleation mechanism is found to be uniform in all the crystallization temperatures of both the hydrogen bonded mesogens studied. This is manifested in the figure 7 , where Avrami exponent b is plotted against crystallization temperature. Further in both the process of dielectric studies (ε' and ε") the slope of the above curve is almost identical indicating the same type of mechanism is involved in the nucleation process.
